Bis(diphenylphosphino)alkanes quantitatively react with excess 1-bromododecane to prepare novel phosphonium gemini surfactants with spacer lengths ranging from 2 to 4 methylenes (12-2/3/4-12P). Dodecyltriphenylphosphonium bromide (DTPP), a monomeric surfactant analog, was readily water soluble, however, in sharp contrast, phosphonium gemini surfactants were poorly soluble in water due to two hydrophobic tails and relatively hydrophobic cationic head groups containing phenyl substituents. 
Introduction
Gemini surfactants have received signicant attention in the literature recently due to their unique solution properties.
1
Gemini surfactants are composed of two conventional monomeric surfactants covalently bound together at their head groups through a spacer. 2 The head groups are hydrophilic and composed of ionic 3 or nonionic 4 groups, and common ionic head groups include ammoniums, 5 imidazoliums, 6 sulfonates, 7 and carboxylates. 8 The identity of the spacer directly impacts solution properties 9 and a variety of spacers include exible alkyl or rigid aromatic spacers. 10 Gemini surfactants display lower critical micelle concentrations (CMCs), 1 enhanced surface active properties, 11 and enhanced solubilization 12 compared to conventional surfactants. The spacer constrains the head groups, forcing more efficient packing of the head groups into supramolecular assemblies. 13 A broad range of supramolecular assemblies include spherical micelles, 14 worm-like micelles, 15 and vesicles.
16
Phosphonium gemini surfactants are relatively absent in the earlier literature and to our knowledge, Gin et al. 17, 18 demonstrated the only example of a phosphonium gemini surfactant in the literature. Using sophisticated techniques, they synthesized bis(alkyl-1,3-diene)-containing phosphonium gemini surfactants with methyl substituents in the head groups. Alkyl tail lengths and spacer lengths directly impacted the selfassembly of the phosphonium gemini surfactants into lyotropic liquid crystalline phases. The terminal diene groups on each tail enabled the crosslinking of the liquid crystalline materials, and the crosslinked gemini surfactants maintained their liquid crystalline phase. Gin and coworkers 18 engineered a crosslinked composite containing the phosphonium gemini surfactant to generate a highly efficient water purication membrane.
Candau et al. 19 reported three theoretical concentration regimes for surfactants in solution: (1) a dilute regime with slow micellar growth, (2) a semidilute regime wherein the micelles rapidly grow in size, and (3) a concentrated regime where the net charge on the micelle end-caps directly impacts aggregation number. C* and C** correspond to transitions in the concentration regimes from the dilute to semidilute regime or semidilute to concentrated regime, respectively. Long et al. 20 examined the solution behavior of a common ammonium gemini surfactant termed 12-2-12A where 2 represents an ethylene spacer with methyl substituents on the cationic head groups. In water, the 12-2-12A surfactant displayed all three concentration regimes and cryo-TEM showed a change in micellar structure between each regime. The scaling factors increased from the dilute regime to the concentrated regime due to enhanced micellar overlap at higher concentrations, leading to higher viscosities. This manuscript strives to directly examine phosphonium gemini surfactants for their solution and electrospinning behavior.
Electrospinning of polymers from solution or melt is a versatile method to generate sub-micron, non-woven brous mats suitable for a broad range of applications including ltration and tissue scaffolds. 21 During the electrospinning process, the polymer solution is electried and extruded from a needle whereupon it accelerates towards a grounded or electried target. 22 Charge repulsion within the jet results in stretching and thinning of the uid until reaching the target and subsequent solidication. 23 The polymer must sufficiently stabilize the electrospinning jet to achieve uniform bers.
24
Chain entanglements play a primary role in stabilizing the electrospinning jet, and if the polymer concentration is insufcient to achieve sufficient chain entanglements, electrospraying will occur. 25 Long et al. 26 rst reported the successful electrospinning of a low molar mass surfactant. The phospholipid mixture, soy lecithin, self-assembled into worm-like micelles in organic solution and sufficiently entangled at higher concentrations similar to polymer chains, stabilizing the electrospinning jet and generating uniform bers. Long et al. 20 later extended electrospinning of low molar mass molecules to a common ammonium gemini surfactant (12-2-12A) demonstrating the impact of the supramolecular assembly on electrospinning behavior. Other researchers also have subsequently reported the electrospinning of other small molecules, [27] [28] [29] [30] [31] however, the electrospinning of phosphonium gemini surfactants remains unprecedented.
We report herein the synthesis and characterization of novel phosphonium gemini surfactants with phenyl-containing head groups, wherein the alkyl spacer between the head groups varied between 2-4 methylenes. Thermogravimetric analysis and differential scanning calorimetry explored the thermal properties of the phosphonium gemini surfactants. The solution behavior of the phosphonium gemini surfactants was examined in both aqueous and organic solutions. Dynamic light scattering and isothermal titration calorimetry examined their aqueous solution behavior. Solution rheology probed the solution behavior of the phosphonium gemini surfactants in organic solvents across a broad concentration regime, and this report describes the successful electrospinning of the phosphonium gemini surfactants to form bers.
Experimental section
Materials 1,2-Bis(diphenylphosphino)ethane (99%), 1,3-bis(diphenylphosphino)propane (97%), 1,4-bis(diphenylphosphino)butane (98%), dodecyltriphenylphosphonium bromide (98%), and 1-bromododecane (97%) were obtained from Sigma-Aldrich and used as received. All solvents were obtained from Sigma-Aldrich and used as received.
Analytical methods

H and
31
P nuclear magnetic resonance (NMR) spectroscopy was performed in CDCl 3 using a Varian Unity 400 spectrometer operating at 400 MHz. Mass spectrometry was accomplished using an Agilent 6220 LC-TOF Mass Spectrometer. Thermogravimetric analysis (TGA) was completed using a TA Instruments TGA Q50 operating at a 10 C min À1 ramp from 25 C to 600 C.
Differential scanning calorimetry (DSC) was accomplished using a TA Instruments DSC Q1000 with a heat/cool/heat cycle. Solution rheology was completed using a TA Instruments DHR-2 strain-controlled rheometer with a concentric cylinder and solution cup geometry. Zero-shear viscosities were obtained from the Newtonian plateau in shear sweep experiments. Scanning electron microscopy (SEM) was performed using a Nikon Jeol SEM operating at 10 kV under high vacuum. Dynamic light scattering (DLS) was conducted using a Malvern Zetasizer Nano operating at 25 C.
Isothermal titration calorimetry (ITC) measurements were performed with a TA Instruments low volume Nano ITC. The Nano ITC employs a gold reference cell and a sample cell with a xed volume of 190 mL and a 50 mL gas tight syringe. Duplicate titrations were performed with a sample cell containing ultrapure water, and the injection syringe contained a 0.11 mM solution of sample 12-2-12P. The ITC was maintained at 25 C with a 350 rpm stir rate and aliquots of 1.43 mL were injected into the sample cell at an interval of 300 s between injections.
For measurements with a mixed solvent system, the sample cell was lled with a mixture of 50/50 v/v water-methanol. The injection syringe was lled with an 8.05 mM solution of sample 12-2-12P in the identical 50/50 v/v water-methanol mixture.
Injections of the surfactant solution were titrated into the cell in 1.99 mL aliquots with 300 s intervals between each injection. The CMC value was determined as the surfactant concentration at the inection point of the heat versus concentration prole. The rst derivative of Q versus [surfactant] was used to facilitate a precise determination of the inection point.
Synthesis of 12-2-12P phosphonium gemini surfactant 1,2-Bis(diphenylphosphino)ethane (24.85 g, 62.4 mmol), 1-bromododecane (62.65 g, 251.4 mmol), and ethanol (300 mL) were added to a 500 mL, round-bottomed ask with a magnetic stir bar. The solution was purged with argon for 1 h and subsequently heated at 80 C for 3 days. The solution was concentrated in vacuo to obtain a viscous liquid. The viscous liquid was added dropwise to 3 L of hexanes to precipitate the gemini surfactant. The gemini surfactant was ltered and washed with 300 mL hexanes three times. The 12-2-12P surfactant was dried in vacuo at 70 C for 2 days (46.00 g, 82.2% yield , and ethanol (300 mL) were added to a 500 mL, round-bottomed ask equipped with a magnetic stir bar. Aer purging the solution with argon for 1 h, the solution was heated at 80 C for 3 days. Aer concentrating the solution in vacuo, the viscous liquid was added to 3 L hexanes to obtain the solid 12-3-12P surfactant. The solid was ltered using a water aspirator and rinsed with 300 mL hexanes three times. 
Electrospinning
All phosphonium surfactants were electrospun from solutions of chloroform using a syringe pump to control the ow rate at 1 mL h À1 . The surfactant solution was electried at +20 kV with one power supply while the aluminum foil target was electried at À15 kV using another power supply to generate an overall potential difference of 35 kV. The target was 15 cm from the syringe needle. Aer electrospinning, the bers were imaged using SEM and 20 bers were measured to obtain the average ber diameter and standard deviation.
Polyplex formation and characterization
Phosphonium gemini surfactants displayed poor water solubility, requiring the dissolution of the surfactants in water at 0.1 mg mL À1 concentrations. The heterogenous solutions were sealed and heated to 100 C for 1 h to generate homogenous solutions and then subsequently cooled to room temperature. DNA gel shi assays were performed as follows. Plasmid DNA (gWiz-Luc, Aldevron, 0.2 mg) was complexed with the required amount of phosphonium gemini surfactant to obtain the desired charge ratio in 28 mL total volume of water for 30 min. Loading buffer (30 wt% glycerol in water, 2 mL) was added and then 20 mL of the polyplex solutions was loaded in a 1 wt% agarose gel stained with 6 mL SYBR Green I (Sigma-Aldrich). The gel was metered at 70 V for 30 min and subsequently imaged using a MultiDoc-it Digital Imaging System (UVP).
Cell culture
Human cervical cancer cells (HeLa) were cultured at 37 C and 5% CO 2 in a saturated humid environment. The cells were grown in Dulbecco's modied Eagle's media (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL À1 penicillin, and 100 mg mL À1 streptomycin. All reagents were obtained from MediaTech and used as received.
Luciferase assay
Polyplex solutions were prepared as follows for transfection. Plasmid DNA (5 mg) was diluted into H 2 O (250 mL total volume). Phosphonium gemini surfactants (250 mL) at the appropriate concentration to generate the desired charge ratio when added to the DNA solution were also prepared. The surfactant solution was added to the pDNA solution and incubated for 30 min. HeLa cells (500 mL, 100 000 cells per mL) were plated in 24-well plates 24 h prior to transfection. The complete media was aspirated and the cells were rinsed with 300 mL HBSS. Aer the addition of 400 mL DMEM to each well, 100 mL of the polyplex solution was added to the well (1 mg DNA per well). Lipofectamine 2000 and Jet-PEI formulations followed recommended manufacturer's protocols. The cells were transfected for 4 h and then the transfection media was aspirated. Complete media (500 mL) was added to each well and the cells were incubated for 44 h. Each well was rinsed with 300 mL PBS and the cells were subsequently lysed with 120 mL 1Â Promega lysis buffer. The plates were incubated for 30 min and then subjected to two freeze-thaw cycles. A Promega luciferase kit was utilized following manufacturer's instructions to quantify luciferase expression. Luciferase transfection was reported as relative light units (RLU) and the transfections were performed in quadruplicate. Student's t-test was performed to determine statistical signicance at a 95% condence interval.
Results and discussion
Synthesis
Our group previously reported the synthesis of high molecular weight phosphonium ionenes from the well-dened stepgrowth polymerization of bis(diphenylphosphino)alkanes and alkyl dibromide monomers. 32 A logical extension of this research focused on the synthesis of novel phosphonium gemini surfactants wherein a monofunctional alkyl bromide, 1-bromododecane, was utilized to alkylate the bis(diphenylphosphino)alkanes to generate the desired gemini surfactants. Scheme 1 depicts the synthetic strategy to generate phosphonium gemini surfactants. Gemini surfactants are commonly named x-y-x wherein x corresponds to the alkyl length of the tail and y correlates to the spacer length in between the cationic head groups. 12-y-12P phosphonium gemini surfactants were prepared with y ¼ 2-4 to examine the inuence of the alkyl spacer length on solution behavior. All gemini surfactants were synthesized using a 4 molar excess of 1-bromododecane at 80 C in ethanol for 3 days to ensure complete alkylation and minimal monoalkylation. Dodecyltriphenylphosphonium bromide (DTPP) served as a monofunctional surfactant control for comparison to the phosphonium gemini surfactants. TGA and DSC examined the thermal stability and thermal transitions of the phosphonium gemini surfactants compared to the DTPP control surfactant (Table 1) . 12-2-12P gemini surfactant displayed the lowest thermal stability due to the proximity of the phosphonium head groups, which decreased the surfactant thermal stability. Interestingly, 12-3-12P and 12-4-12P gemini surfactants exhibited improved thermal stability compared to DTPP. DSC analysis elucidated both the melting point and glass transition temperature of all surfactants. The melting point was obtained from the rst heat, and the glass transition temperature was determined from the second heat. The gemini surfactant T g decreased as the spacer length increased, and the T m increased as the spacer length increased.
Gemini surfactants in water
DTPP is readily water soluble and displays a CMC of 1.80 mM in water. 33 Phosphonium gemini surfactants displayed poor water solubility, presumably due to the hydrophobic nature of the phenyl-containing head groups and the hydrophobic tails attached to the two head groups. Phosphonium gemini surfactants dissolved in water at 0.1 mg mL À1 concentrations aer heating at 100 C for 1 h. Dynamic light scattering (DLS) experiments probed the solution structure of the phosphonium gemini surfactants in water at 0.1 mg mL À1 concentrations. Critical micelle concentrations (CMCs) are a fundamental property of all surfactants and multiple techniques including uorescence spectroscopy, 34 conductivity, 35 and ITC 36 enable the determination of CMCs accurately. Initial experiments to determine the CMC of phosphonium gemini surfactants focused on uorescence spectroscopy and conductivity methods to determine CMCs. Unfortunately, both methods failed to determine the CMC of phosphonium gemini surfactants. The Kra temperature, also called the critical micellization temperature, corresponds to the temperature necessary for the surfactant to micellize in solution. 37 Below the Kra temperature, the surfactant fails to display a CMC. The phosphonium gemini surfactants presumably exhibited a very high Kra temperature due to the hydrophobic tails and hydrophobic phenyl-containing head groups. Furthermore, the process for solution preparation required 100 C for 1 h to generate 0.1 mg mL À1 gemini surfactant solutions, suggesting a high Kra temperature. The aqueous phosphonium gemini surfactant solutions were also metastable, and the solutions would become cloudy aer extended aging, highlighting a Kra temperature above room temperature. All experiments were performed shortly aer preparing the aqueous solutions to minimize surfactant concentration changes and the effects of aging. Future work will examine the solubility of phosphonium gemini surfactants in aqueous solution to further understand the interplay of the Kra temperature on micellization behavior. Isothermal titration calorimetry (ITC) is one of the most effective methods to determine the CMC of a surfactant along with other thermodynamic information regarding the micellization behavior.
36 Fig. 2 depicts ITC experiments performed for 12-2-12P in water and a 50/50 v/v water-methanol solution. The titration of a concentrated 12-2-12P aqueous solution into water resulted in titration curves similar to the titration of water into water suggesting the absence of appreciable demicellization in pure water at 25 C. This behavior is again consistent with the presumed high Kra temperature for these gemini surfactants.
In contrast, titrations performed in 50/50 v/v water-methanol Scheme 1 Synthesis of phosphonium gemini surfactants. Table 1 Thermal properties of phosphonium gemini surfactants DTPP  25  102  274  12-2-12P  57  64  264  12-3-12P  52  109  300  12-4-12P  47  135  305 a TA DSC Q1000, heat/cool/heat, 10 C min À1 . b TA TGA Q50, 10 C min À1 . Fig. 1 Dynamic light scattering of 12-2-12P and 12-3-12P phosphonium gemini surfactants in 0.1 mg mL À1 aqueous solutions.
resulted in titration curves that are representative of conventional surfactant CMC behavior, as shown in Fig. 2d . Based on this unique ITC approach, the CMC for 12-2-12P in 50/50 v/v water-methanol was found to be 1.0 mM at 25 C. The addition of methanol resulted in improved solubility of the phosphonium gemini surfactants and enabled the determination of the CMC using ITC. Further work will develop a method to extrapolate the CMC of phosphonium gemini surfactants to that in pure water through a series of ITC experiments using variable concentrations of water-methanol. DNA gel shi assays and luciferase transfection assays examined the suitability of phosphonium gemini surfactants as nonviral nucleic acid delivery agents. The complexation of a cationic surfactant and negatively-charged nucleic acid in solution generates nanoparticles or aggregates called lipoplexes. Fig. 3 shows DNA gel shi assays for all phosphonium gemini surfactants, which conrmed the efficacy of phosphonium gemini surfactants to bind nucleic acids. The charge ratio (AEratio) was dened as the moles of cationic head groups in the surfactant to the moles of negatively-charged phosphate groups in the plasmid DNA backbone. All phosphonium gemini surfactants bound nucleic acids with 12-2-12P, 12-3-12P, and 12-4-12P binding plasmid DNA completely at AEratios of 3, 2, and 2, respectively. Luciferase transfection experiments in serum-free media elucidated low transfection efficiency of phosphonium gemini surfactants compared to common positive controls, Jet-PEI and Lipofectamine 2000 (Fig. 4) .
Gemini surfactants in chloroform
The goal of generating electrospun bers composed of the phosphonium gemini surfactants required an examination of the solution behavior of phosphonium gemini surfactants in organic solutions to provide information necessary for electrospinning. Phosphonium gemini surfactants displayed excellent solubility in organic solvents except for hexanes. Chloroform was chosen as the solvent to examine the solution properties of phosphonium gemini surfactants due to its ability to dissolve the surfactants and its necessary volatility for electrospinning. Surfactants typically generate reverse micelles and other reverse supramolecular structures in organic solutions. 38, 39 Reverse micelles differ from normal micelles in that the head group sequesters itself into the micelle core and the hydrophobic tails reside in the shell of the micelle. Solution rheology of DTPP and all phosphonium gemini surfactants studied the solution behavior of the surfactants in chloroform. Fig. 5 reports the specic viscosity vs. concentration for all surfactants. In each plot, three different solution regimes were identied based upon a change in the slope of the data. C* and C** were dened as the crossover points where each power law regression overlapped with the power law regression of the adjacent concentration regime. All surfactants displayed similar C* transitions, occurring at $19 wt% in chloroform. C** depended signicantly on the surfactant with DTPP displaying signicantly a higher C** at 39 wt% compared to 30-32 wt% for the phosphonium gemini surfactants. The constraint of the head groups in the gemini surfactants presumably resulted in different supramolecular structures, which resulted in signicant overlap of the structures in solution at lower concentrations. Soy lecithin, a phospholipid mixture, displayed a similar C** of 35 wt% in 70/30 v/v chloroform-DMF compared to the phosphonium gemini surfactants.
26
Polymer solution rheology utilizes the scaling parameters in each concentration regime to identify the solution behavior of the polymer. For instance, neutral, non-associating polymers display signicantly different scaling factors compared to polyelectrolytes and the scaling factors provide information regarding the polymer solution conformation and solution behavior. 40 All phosphonium gemini surfactants exhibited higher scaling factors compared to the DTPP control, especially in the concentrated regime above C**. 12-2-12P gemini surfactant resulted in the highest scaling factors compared to all surfactants, likely due to the short ethylene spacer constraining the conformation of the head group. As a comparison, soy lecithin in 70/30 v/v chloroform-DMF displayed scaling factors of 2.4 and 8.4 in the semidilute and concentrated regimes, respectively. 26 The phosphonium gemini surfactants exhibited similar semidilute scaling factors as soy lecithin, but their concentrated scaling factors were signicantly lower than the concentrated scaling factor for soy lecithin.
Attempts at electrospinning DTPP and the phosphonium gemini surfactants examined the impact of the surfactant structure on ber formation. All electrospinning attempts occurred at concentrations of 52 wt% or lower. DTPP and 12-4-12P gemini surfactant failed to generate any electrospun bers, primarily electrospraying droplets. Conversely, 12-2-12P and 12-3-12P gemini surfactants sufficiently stabilized the electrospinning jet to generate electrospun bers as shown in Fig. 6 . At concentrations less than 52 wt%, ill-dened bers were formed with the incorporation of droplets or beaded bers. Concentrations of 52 wt% were necessary to generate uniform, welldened bers. The 12-2-12P and 12-3-12P gemini surfactants 
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Soft Matter, 2014, 10, 3970-3977 | 3975 generated bers diameters of 1.0 AE 0.3 mm and 1.1 AE 0.2 mm, respectively, at 52 wt% in chloroform. As a comparison, aqueous solutions (50/50 v/v water-methanol) of an ammonium gemini surfactant (12-2-12A) at concentrations of 42 and 44 wt% generated uniform bers of 4 and 5 mm diameters, respectively. 20 Ultimately, spacers of 2 or 3 methylenes were necessary to generate a stable electrospinning jet to obtain uniform bers. The longer alkyl spacer of 4 methylenes and the DTPP surfactant failed to generate electrospun bers, presumably due to the absence of sufficient supramolecular entanglements.
Conclusions
The alkylation of ditertiary phosphines using 1-bromododecane generated phosphonium gemini surfactants in high yields. The cationic head groups displayed signicant hydrophobicity due to the phenyl substituents leading to poor solubility in water. 12-2-12P and 12-3-12P gemini surfactants self-assembled into large supramolecular structures as shown with DLS. Due to limited solubility, isothermal titration calorimetry was ineffective in the determination of the CMC for 12-2-12P in pure water at 25 C. As an alternative new ITC approach, the CMC of the 12-2-12P gemini surfactant was determined to be 1.0 mM at 25 C in a mixed solvent of 50/50 v/v water-methanol. Preliminary biological assays focused on nucleic acid complexation, and demonstrated efficient nucleic acid binding for phosphonium gemini surfactants. However, the phosphonium gemini surfactants failed to efficiently deliver nucleic acids in vitro to HeLa cells. Phosphonium gemini surfactants were also studied in chloroform that promoted reverse micellar structures. Solution rheology elucidated the overall solution behavior of phosphonium gemini surfactants and DTPP in chloroform. Ultimately, electrospinning of 12-2-12P and 12-3-12P gemini surfactants generated uniform bers with ber diameters of $1 mm while 12-4-12P and DTPP failed to electrospin.
